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SYMBOLS AND ABBREVIATIONS

INTRODUCTION
The U.S. Geological Survey began a study to determine the effectiveness of borehole geophysical and physical rock properties analyses to define ground-water circulation and quality within the Durham Triassic basin. Borehole geophysics provided rapid geologic and hydrologic evaluation of aquifers. When these techniques are combined with laboratory analyses of rock properties and with other hydrologic tests, they can provide a comprehensive evaluation of ground-water movement and occurrence. This study is a part of a larger study begun in 1972 to investigate the feasibility of storing liquid wastes in Triassic rocks of the Durham Triassic basin1 of the Eastern United States.
PURPOSE AND SCOPE
This report presents the results of an investigation to (1) define the lithologic character and subsurface distribution of hydrogeologic units in the Durham Triassic basin, North Carolina, (2) identify and describe specific properties of rocks in the basin, and (3) describe water quality and circulation of ground water in the basin. These objectives were accomplished primarily by boreholegeophysical and laboratory analyses of rock and aquifer properties.
Although the study area encompasses the entire Durham Triassic basin of North Carolina, most geophysical and physical properties analyses were made from logs and cores of the Sears No. 1 test well, located east of the Wake County-Chatham County line in the central part of the basin.
DESCRIPTION OF STUDY AREA
LOCATION
Triassic basins are distributed along the Atlantic seaboard from Nova Scotia to Florida where they exist as buried basins. The basins extend eastward beneath the Cenozoic rocks onto the Continental Shelf where they are located by exploratory drilling and geophysical investigations. Figure 1 shows the location of east coast basins subparallel to the Appalachian trend. The Durham Triassic basin in North Carolina, which contains rocks of Upper Triassic age, is the southernmost exposed basin.
'Some of the east coast Triassic basins are now considered Triassic and Jurassic age but, for the purpose of this report, are called Triassic basins. 
DETERMINATION OF ROCK PROPERTIES BY BOREHOLE-GEOPHYSICAL TECHNIQUES GEOLOGIC SETTING
The east coast Triassic basins are mostly half grabens or tilted grabens that contain sedimentary rocks of fluvial origin. The Durham Triassic basin is bounded on the east and southeast by a high-angle normal-fault zone known as the Jonesboro fault ( fig. 2) . The basin trends southwestward between the borders of North CarolinaVirginia and North Carolina-South Carolina. The basin is about 226 km long and averages about 16 km wide. The Durham Triassic basin is traditionally divided into four substructures, which from north to south are the Durham subbasin, the Colon cross structure, the Sanford or Deep River subbasin, and the Wadesboro subbasin ( fig. 2 ).
DESCRIPTION OF TEST WELL
A deep test well was drilled by the U.S. Geological Survey in 1976 to a depth of 1,142 m in the Durham subbasin near New Hill, on the property of W.H. Sears (Sears No. 1). The test well was specifically designed and drilled to (1) verify surface and airborne geophysics data, (2) gain a knowledge of the subsurface geology, and (3) obtain hydrogeologic information on aquifer properties and fluids.
The lithologic log shown on plate 1 was prepared by using descriptions of drill cuttings sampled at 1.5-m intervals. Cores were taken at five different intervals for determinations of physical properties. Results of physicalproperty tests are described and summarized in the section Determination of Rock Properties by PhysicalTesting Techniques. Borehole logs obtained at the completion of drilling (pi. 1) include temperature, neutron porosity, gamma ray, gamma-gamma density, sonic, dualinduction laterolog, microlog, caliper, and acoustic televiewer. Two zones in the test well were isolated with hydraulic packers to collect reservoir fluids for chemical analysis and to determine aquifer characteristics (Bain and Brown, 1981 , for aquifer test data). Physical-property-test procedures by Terra Tek, Inc.2 (D.O. Ennis and S.W. Butters, written commun., 1976) , are described in the section discussing laboratory analyses. The Triassic rocks drilled in the Sears No. 1 well can be grouped into at least three rock stratigraphic facies, from bottom to top: (1) a lower argillite-graywacke-conglomerate facies at least 122 m thick, (2) a 670-m-thick sequence of massive mudstone, argillite, and quartz conglomerate, and (3) a 640-m-thick sequence of arkosic sandstone, siltstone, and mudstone. These units do not necessarily correlate with the traditional boundaries of the Pekin, Cumnock, and Sanford Formations in another part of the Durham 2Use of brand and trade names in this report is for identification purposes only and does not constitute endorsement by the U.S. Geological Survey.
Triassic basin (Reinemund, 1955; Bain and Brown, 1981; and McKee and others, 1959) .
The rocks drilled have low porosity and permeability, high average density, high velocity, high resistivity, and low gravity in contrast to the Piedmont crystalline rocks (pi. 1 and Bain and Brown, 1981) .
DETERMINATION OF ROCK PROPERTIES BY BOREHOLE-GEOPHYSICAL TECHNIQUES DESCRIPTION AND INTERPRETATION OF GEOPHYSICAL LOGS
SPONTANEOUS-POTENTIAL LOG
The spontaneous-potential (SP) log measures the natural electrical potential between the borehole fluid and the surrounding rock. Generally, the conductivity of the borehole fluid is less than that of the surrounding rock and causes apparent negative SP deflections to the left opposite clean sand and to the right opposite shale. The SP log of the Sears No. 1 well shows several zones above 640-m depth where negative anomalies up to 40 mV mark the occurrence of more permeable sandstones (pi. 1).
Between depths of 640 m and 990 m, the SP log shows little contrast between the rock and borehole fluid and indicates increasing shaliness in the rocks. The lithologic log shows that the zone between 640 and 990 m consists of mudstone, massive argillite, and minor occurrence of conglomerate. Thus, the subdued character of the SP curve in the 640-m to 990-m interval is caused by the shale content of the rock. A similar but much thinner facies occurs between depths of 308 and 338 m. The negative SP anomalies on the log below 990 m correspond to conglomerate on the lithologic log.
The SP contrast between borehole and formation fluids is used elsewhere in this paper to predict total dissolvedsolids (TDS) content of the formation waters. The general subdued character of the SP curve indicates that formation fluids are not much more saline than the fluid in the borehole. Because the dissolved-solids content in the drilling mud was less than 300 mg/L throughout the drilling, the Sears No. 1 well probably did not penetrate rock containing extremely saline fluids.
RESISTIVITY LOGS
The resistivity of a rock depends on the resistivity of the rock-mineral matrix and its contained fluids. Rocks that are composed primarily of quartz and feldspar, which are poor conductors, contain water that is usually a better conductor. Thus, the resistivity of a sandstone generally is largely related to the amount and the geometry of its pore space and to the salinity of its contained fluid. As rock porosity decreases, formation resistivity on the whole increases, assuming that the resistivity of the formation fluid remains constant. Five separate types of resistivity logs were run in the Sears No. 1 well: microlog, microlaterolog, laterolog 8 (LL8), medium-induction log (ILM), and deep-induction log (ILD). Resistivity on these logs is expressed in square ohm-meters per meter or, more commonly, ohm-meters (fim).
The microlog depicts the resistivity of the mudcake covering a permeable zone. The laterolog and mediumand deep-induction logs depict resistivities for zones away from the borehole. The deep-induction log is used to provide a more reliable value for the true rock resistivity in those situations where invasion by drilling fluid has occurred in the rock. In some cases, resistivity of the flushed zone next to the borehole can be determined from a microlaterolog (available for Sears No. 1 well).
The log response to the difference in resistivity of different lithologies is useful in determining the vertical distribution and thickness of rock types. Conventionally, some type of resistivity curve (pi. 1) is recorded with the SP log. The SP-resistivity log combination is useful in ground-water investigations for identifying the more permeable, water-yielding zones. In an area of fresh ground water, a water-yielding zone has a large negative (left) deflection on the <SP curve. Examples of such opposing deflections occur on the logs of Sears No. 1 well at 192-, 229-, and 250-m depths (pi. 1).
In permeable zones, drilling mud enters the formations and displaces the formation fluid because the drilling mud maintains a higher hydrostatic head. Thus, the depth of mud invasion is a qualitative measure of permeability. The four types of logs shown on plate 1 have different depths of investigation. The dual (medium-and deep-) inductionlaterolog combination is specifically designed to determine the depth of mud invasion. In table 1 the known effect of mud invasion on the true resistivity (Rt) of the formation is compensated for by using the ratio of the resistivities of the ILD, ILM, and LL8 to each other (see Schlumberger, Ltd., 1977, p. 50) . In columns 2 and 3 of table 2, the values for the LL8 and ILD give a qualitative estimate of invasion of the formation by the drilling fluid, when resistivity values from the ILD and LL8 are different. The resistivity values from the ILD and LL8 will be approximately equal when no drilling fluid invasion has occurred.
The resistivity logs reveal a cyclic or alternating sequence of sandstones and massive shales. The average resistivity of shale on the deep-induction log curve is about 40 to 50 flm throughout the well. The sandstones and conglomerates, however, are typically 5 to 10 times more resistive. One sandstone or conglomerate is 10 m thick near a depth of 793 m, but the vast majority of the sandstones are 0.67 to 3 m in thickness. If the lithologies of the well are arbitrarily divided into sandstone and shale, the ratio of sandstone to shale is approximately 2:3 (pi. 1). The lithologic log and the gamma-ray logs also exhibit a cyclic pattern. This pattern is most pronounced at depths between 732 and 793 m and depths between 915 and 960 m where the microlog shows an inverted stairstep character. Cycle frequency on the log is about 5.5 m, and resistivity amplitude is about one order of magnitude. The cycles start at the bottom of the well at a very resistive conglomerate that becomes fine grained progressively upward into massive red argillite or mudstone. Similar cycles are also apparent higher in the hole, such as at the 518-m-depth to 427-m-depth interval.
Cycles on the logs having a frequency of 3 to 6 m can also be identified in the upper, more sandy part of the well. Here, however, the change in grain size from coarse to fine is much more abrupt, and the sandstones are better sorted.
The conglomeratic-argillite sequence probably formed as a normal consequence of sedimentary debris settling out of periodic influxes of coarse sediment into standing water. These periodic influxes might be caused by the erosion of an uplifted fault block. The abrupt change from coarse to fine in the upper part of the hole could result from changes in stream deposition and channel erosion processes (Reinemund, 1955; Bain and Brown, 1981) .
DENSITY-POROSITY LOG
The gamma-gamma density log measures the apparent density of the borehole environment by recording the loss of gamma radiation caused by collision with electrons of the rock matrix and contained fluids. The attenuation of gamma radiation from the tool source depends on the electron density of the formation. Bulk density in grams per cubic centimeter depends, therefore, on porosity and the electron density of the rock matrix and fluid. In practice, a shielded gamma-ray source is pressed against and moved along the borehole wall. The attenuated radiation is received at two points at different distances from the source to adjust for the effect of mud thickness and irregular hole diameter. The density-porosity curve of plate 1 has been adjusted electronically for mud thickness and hole diameter changes, except where large washouts of wellbore have occurred.
The density log confirms the dense nature of the rocks and their characteristically low porosity. Recorded densities range from an average 2.55 g/cm3 to 2.70 g/cm3 below a depth of 610 m. The massive argillaceous rocks are the densest beds above the 610-m depth. Below 610 m in depth, the sandstones and siltstones appear to be as dense if not more dense than the argillaceous rocks.
Bulk density and corresponding porosity have been selected from the density log at points where the borehole is relatively free of washouts. These values are presented in table 2 for direct comparison with porosity determined from the neutron and sonic logs.
The density log indicates very little primary porosity between 655 and 905 m. Sandstones and conglomerate at depths of 833, 911, 1,020, 954, 1,110, and 1,131 m have low apparent porosities of up to 4 percent. The SP-log response for these points indicates that water is present in the formation.
NEUTRON-POROSITY LOG
The neutron-logging tool (in this case, the sidewall neutron-porosity tool) consists of a neutron source and a shielded neutron detector that are pressed against and moved down the borehole. The principle of neutron logging is that high-energy, electrically neutral particles are emitted from a radioactive source and collide with the nuclei of atoms of the surrounding environ- ment. Greatest loss of energy occurs when the neutrons collide with particles of similar mass, such as hydrogen. These particles having reduced energy are called thermal neutrons. The neutron tool is generally designed to count either thermal neutrons or the gamma radiation resulting from neutron capture by hydrogen (Schlumberger, Ltd., 1972b) . The recorded porosity must be corrected for gases, lithologies other than limestone, and fluids other than water.
In clean (nonshaly) formations, the neutron log is a measure of liquid-filled porosity. For shaly formations and for minerals such as gypsum (CaS04 *2H20), the indicated porosity is in error because the logging tool also measures the hydrogen associated with bound water and crystallization water. The neutron-porosity log in plate 1 is scaled linearly in percent porosity. The tool is designed to calculate a porosity from a signal that would result if the rock were limestone that contained water (Schlumberger, Ltd., 1972b) .
Uncorrected apparent limestone porosity (<f>n) is presented in table 2 (col. 9). Care was taken to select porosity values from the neutron log opposite points in the borehole where the caliper log indicated the hole was reasonably smooth. Much of the shift toward higher apparent porosities in zones, such as those at depth intervals from 305 to 355 m, 445 to 449 m, and 796 to 826 m, is due to formation shaliness. Most porosity spikes were caused by poor contact between the logging tool and the borehole wall, opposite fractures and washouts. However, spikes indicating high porosity at depths of 181, 201, and 274 m occur opposite evaporaterich beds. There is a slight but overall decrease in minimum porosity with depth. The lowest porosity value, however, occurs at depths of 610 m in a dense, 1.8-m-thick bed that appears, from cuttings, to be cherty and quartzose. Minimum neutron porosities average 4 percent in sandstones that are thought to have no porosity. This apparent discrepancy is probably caused by the increased clay content of some sandstones. Porous zones that are greater than 5 m thick at depths greater than 150 m occur throughout the well (table 3) . Table 4 shows data for selected intervals in the Sears No. 1 well.
SONIC LOG
Because sonic-log response is dependent on porosity and is independent of fluid content for lower porosities, it is an excellent means of estimating porosity. Shaliness tends to increase interval traveltime from sonic log (A£) because the characteristic velocity of shale matrix is slower than that of sandstone. Thus, porosities calculated for shaly sandstones on the basis of a clean sandstone-matrix velocity tend to yield porosity values that are high. The speed of sound in rock is determined principally by the lithology and porosity of the rock. Indurated sandstone, limestone, and dolomite have high compressional sonic velocities. Salt, gas, and water have relatively low velocities. The sonic log on plate 1 is a record- The sonic-logging tool has two transmitters that are pulsed alternatively. The received signals are integrated over time to give the recorded interval traveltime and integrated traveltime. The traveltime between any two depths in the hole may be computed by adding each millisecond pulse (indicated by tick marks) between the desired depths.
The first signal arriving at the sonic receiver is generally the compressional wave that has traveled through the rock adjacent to the borehole. However, if that signal is attenuated by gas, salt, or fractures in the formations, the receiver will record some altered arrival time. The result is a large displacement of the log curve to the left toward lower velocities (higher At) called "cycle skipping." In the Sears No. 1 well, a caliper (borehole-diameter) log indicates that this phenomenon occurs opposite enlarged parts of the wellbore.
Below a depth of 848 m, the sonic log has several sharp spikes or deflections to the right. Although these spikes could represent thin-bedded anhydrite zones having high velocity, the recorded traveltime is shorter than normal for anhydrite; therefore, these spikes are assumed to be noise spikes caused by cable and tool noise triggering the sonic receiver in a low-signal area of the borehole.
The sonic log, which is matrix-velocity dependent, is a good tool for determining lithology and is commonly used for correlation purposes. The overall character of the Sears No. 1 sonic log confirms the cyclic character of the sedimentary rocks and correlation of the 793-mdepth to 1,134-m-depth interval with the 1,174-m-depth to 1,524-m-depth interval of the Groce No. 1 well (pi. 1). Wyllie and others (1956,1958) and Wyllie (1963) have developed a formula that can be used to calculate porosity from interval traveltime for shale-free sandstone: porosity of sandstone = At-At, At,-At, where:
At = the interval traveltime from the sonic log (Ms/ft); Atma = the interval traveltime for the rock matrix (/is/ft); and At/-= the interval traveltime from the sonic log for fluid (/is/ft).
Porosities were calculated from the sonic log by the Wyllie formula for selected intervals of the Sears No. 1 well and are presented in table 2. The accuracy of these calculated porosities depends on the accuracy of estimated matrix velocity obtained from the sonic log. An error difference of 1.0 /is/ft changes the calculated porosity about 0.5 percent.
Crossplots showing the relation of sonic velocity to bulk density, sonic velocity to neutron porosity, and bulk density to apparent limestone porosity were constructed from logs (figs. 3-5) to investigate the lithologic properties of layers in the Sears No. 1 well. The major portion of the points in figures 3-5 are plotted in the limestone-sandstone range, with matrix sonic velocities from 5.5 km/s to 6.4 km/s (AtTOa = 55.5 to 47.6 /is/ft). Most of the points on the density-sonic velocity crossplot are plotted in the dolomite range. The rocks associated with these points are identified as mudstones and argillites. The displacement of data points into the dolomite region of figure 3 is not the result of their having a dolomite matrix, but rather a result of high density-low matrix sonic velocity (higher Atma). The measured high densities also indicate that the shales penetrated in the Sears No. 1 well do not have anomalous high-hydrostatic pressure or overpressure. Overpressured shales tend to be less compacted and have higher porosity and lower density.
GAMMA-RAY LOG
The gamma-ray log is a measure of the natural emission of gamma-ray particles from decay of radioactive minerals in rocks around the borehole. 3 Measurement 3The American Petroleum Institute uses a standard calibration test pit to measure certain log parameters such as gamma-ray emission and porosity. API units are standard geophysical industry measures. is generally made with a borehole scintillation counter and recorded in American Petroleum Institute (API) units (Wyllie, 1963, p. 118) , as in plate 1. Gamma-ray radiation is random; therefore, a time constant and logging speed are chosen to give a good average measurement. One API gamma-ray unit is defined as 1/200 of the difference between the deflections produced on a log by the radiation from two standard formations in a test pit in Houston (Wyllie, 1963) . The gamma-ray curve and the resistivity and sonic logs illustrate the alternating pattern of sandstone and shale in the Sears No. 1 well. The cleaner sandstones occur at depths of 289, 351, 537, and 782 m and have radiation values of 50 to 55 API units. Most of the units identified on the sample log as sandstones have radiation levels of 60 to 80 API units. The SP curve opposite the sandstone zones has a higher negative deflection, indicating that the rocks are filled with water and are more permeable. The lack of a good SP deflection opposite the 782-m zone indicates that the zone's water chemistry is close to that of the drilling mud and (or) that this sandstone contains no water. The gamma-gamma density log indicates that the porosity of sandstone is less than or equal to 2 percent.
The shaly rocks in the Sears No. 1 well consist predominantly of massive argillite and mudstone. Small amounts of thinly laminated fissile shale are present in some cuttings. The radiation level of the gray, massive argillaceous unit between a depth of 308 and 338 m is a good example of the shale radiation level of the upper rock of the Sears No. 1 well. The red mudstone and argillite facies below a depth of 640 m, however, has a lower radiation level about 100 API units.
The upper 610 m of this log has several anomalous gamma-ray peaks that have intensities of more than 200 API units. The largest of these intensities occurs at 420 m.
The gamma-ray log anomalies at depths of 161, 188, 398, 499, 571, and 585 m appear, from sample logs and log crossplots, to occur in sandstone that is shaly or radioactive. Some anomalies definitely occur at the base of the sandstones. The sandstone at 161 m is calcareous. FIGURE 4. -Relation of neutron porosity to sonic velocity for Triassic rocks in the Sears No. 1 well, North Carolina (from Bain and Brown, 1981) . Points plotted between solid lines represent rocks composed of more than one lithologic type.
Anomalies at depths of 181, 271, 418, and 420 m correspond to shale. The anomaly at a depth of 201 m may correspond to siltstone. Some of the anomalies, such as at depths of 181 and 188 m, correspond to washouts of the hole, which affect the gamma-ray readings.
TEMPERATURE LOG
A thermal gradient exists between the Earth's core and surface. The temperature near the surface generally increases about 1°C for every 55 m of depth. Departure from this average gradient is caused by differences in the thermal conductivity of rocks, the degree of water circulation, and the depth of magma.
Borehole-temperature logging is accomplished with a sonde having a thermistor whose internal resistance changes in response to temperature change. In addition to determining gross thermal gradients, the temperature log is used to detect inflow and outflow of liquids and gases in the borehole, thermal conductivity of indi- vidual beds, and location of new cement grout behind casings. The temperature log of the Sears No. 1 well is presented in plate 1 and figure 6. The temperature log in figure 6 is plotted beside the caliper log and a log of drilling samples to facilitate interpretation of the temperature anomalies. The temperature gradient at the Sears No. 1 well is l°C/66 m.
Most of the temperature anomalies in the Sears No. 1 well that occur above a 500-m depth appear to be caused by cooler water moving down the wellbore and outflow into more permeable sandstones. Most of the anomalies below 500 m appear opposite points identified on the caliper log as fractures. The relatively small temperature gradient of this well compared to that of the Groce No. 1 well may indicate deep circulation of ground water. Additional discussion of boreholetemperature logging is found in Keys and MacCary (1971) . 
ACOUSTIC-TELEVIEWER LOG
An acoustic televiewer was used to examine the detailed physical character of the Sears No. 1 well wall-rock in areas having temperature and caliper-width anomalies.
The acoustic-televiewer log shows (1) areas of high reflectivity (light-colored areas on the log) that indicate dense layers and (2) areas of low reflectivity (dark-colored areas on the log) that indicate fractures or openings in the rock. Bright areas on the log are a function of the reflected energy from the wellbore. The acoustic-televiewer tool spins or rotates from north to south as it is lowered into the borehole. Figure 7 illustrates the fractures and washouts observed between 590-m to 620-m depth and 650-m to 660-m depth in the Sears No. 1 well. Vertical drill-bit marks and horizontal and dipping fractures (dark areas on log) can be observed on the televiewer log. Most caliper and televiewer anomalies are coincident with temperature anomalies (Keys and others, 1979) for the Sears No. 1 well.
APPLICATION OF LOG DATA
DETERMINATION OF LITHOLOGY
The data from sonic, density, and neutron logs are sometimes crossplotted to give additional information on mineral composition of rocks. Af=lithology-dependent quantity derived by using density-and sonic-log values; and AT=lithology-dependent quantity derived by using density-and neutron-log values.
The data points on figures 7 and 8 are a result of lithologydependent values, M and N, in which the effects of the rock matrix are calculated if sonic-log values are divided by density-log values and neutron-log values are divided by density-log values. The value M is derived by dividing the porosity component (interval traveltime difference) of the sonic log by the porosity component (density-value difference) of the density log. The value N is derived by dividing the porosity component (neutron-value difference) of the neutron log by the porosity component (density-value difference) of the density log (Schlumberger, Ltd., 1972, p. 73) . Because the porosities determined from the logs are different, the calculations are characteristic of the matrix effects measured by the logging instruments. The multiplication factor 0.01 applied in determining the value M makes M and N of the same order of magnitude. Because the position of plotted points depends on mineralogy, the binary mineralogy mixtures under ideal conditions should plot along lines connecting any two minerals, and trinary mineralogy mixtures should plot in the triangular areas connecting the respective end points. The presence of gas or evaporite rocks in the well causes a shift in the plot of data values to the upper right, and shaliness causes a shift in the plot of data values to the graph's lower center. Figure 8 indicates that the upper 640 m of the Sears No. 1 well contains some quartz, calcite, and anhydrite. Other data points are closer to the shale region on the graph, indicating the rocks are shaly in this interval. This interpretation agrees with the sample data shown in plate 1.
DETERMINATION OF SECONDARY POROSITY
Normally, the porosity determined from a neutron-sonic velocity crossplot and from a neutron-density crossplot differs; this difference reflects secondary porosity, which tends to shift a point upwards on M-N plots (figs. 9 and 10). This relation is caused by the tendency of the sonicvelocity signal to overlook or skip over larger openings in the rock and to record only intergranular porosity. Neutron-and density-logging tools respond to total porosity, regardless of porosity type. However, a sonic log tends to ignore vugs, because the sound energy is propagated through the surrounding matrix and bypasses the vugs. Therefore, a sonic log used in conjunction with a density and (or) neutron log can provide an estimate of the secondary porosity, as well as intergranular porosity, of a formation of known lithology (Schlumberger, Ltd., 1972, p. 6) . The effects of secondary porosity are small or neglible, as shown on figures 9 and 10. (Bain and Brown, 1981) . Thereafter, a stable, swampy, reducing environment having a slow rate of sediment accumulation prevailed in the Sanford area, while a higher energy environment was creating channel sands and point bars in the fine-grained alluvial-fan deposits in the New Hill area. In the Sanford area, the paludal deposits were succeeded by reddish, poorly sorted, detrital materials. In the New Hill area, a different source area contributed increasingly greater amounts of gray to buff detrital granitic material to the sediment being deposited (Bain and Brown, 1981, fig. 3 ). 
DETERMINATION OF ROCK PROPERTIES BY PHYSICAL-TESTING TECHNIQUES
The Triassic rocks of the Durham Triassic basin have low porosity and permeability because they were deposited as continental sediments; therefore, the rocks are poorly sorted. Much of the initial or primary porosity has been lost through compaction, lithification, and diagenesis. Consequently, ground-water yields are lowgenerally less than 2.6 L/s in shallow domestic wells (Bain and Thomas, 1966) . Laboratory testing determined porosity, permeability, bulk density, moisture content, sonic velocity, resistivity, and mechanical strength.
Results of physical tests of representative core samples from the Sears No. 1 test well and of core samples from the Deep River coal study (Reinemund, 1955) in the tively. The following sections describe the test procedures performed on Sears No. 1 well cores by Terra Tek, Inc., of Salt Lake City, Utah (written commun., 1976) .
BULK DENSITY, MOISTURE CONTENT, AND EFFECTIVE POROSITY
Physical-properties tests were performed to determine the bulk density, moisture content, and effective porosity of each core sample. Samples for the physical-property tests were obtained by breaking two fragments of approximately 30 cm3 each from a core. The bulk-density measurements were made by using a Ruska Mercury Porometer, which determines volume by mercury displacement. The densities obtained by this method are accurate to ±0.005 g/cm3.
The moisture content is expressed as a percentage of the wet weight and is determined by measuring the weight loss of a crushed sample during oven drying for 24 hours at 105°C. The accuracy of this method is 0.1 percent. The effective-porosity determinations were made by using a Beckman Gas Pycnometer. The effective porosity is essentially a measure of the connected pore volume. The Beckman technique uses helium gas to impregnate the sample and to measure the volume of the connected pores. The bulk volume is then determined by sealing the sample surface and determining the total volume of the sample. With this technique, measurements of effective porosity are accurate to ±0.05 percent.
The samples that were analyzed contain very little moisture. The largest moisture content measured was 1.1 percent in a sample from a depth of 745 m. The effective porosities measured were relatively low; the largest porosity observed was 6.2 percent for the sample from a 745-m depth. Samples from 744-m and 1,141-m depths had effective porosities of less than 1 percent.
PERMEABILITY
Permeability was measured on cylindrical samples 2.54 ± 0.013 cm in diameter and 0.635 ±0.051 cm in length. The test cylinders were sealed and confined at a confining pressure equal to 4.73 xlO4 g/cm2 per centimeter of depth. A pore pressure equal to 50 percent of the confining pressure was then established at each end of the sample. These pressures were maintained for a period of 4 hours to allow the pore pressure to stabilize. At the end of this period, the two ends of the sample were isolated from one another, and a pressure step of approximately 4.62 g/cm2 was applied to one end of the sample. The differential pressure change across the sample was monitored over a period of approximately 15 hours. This differential pressure change allowed time for the system to establish a uniform differential pressure-decay rate.
The pore and driving water were estimated to contain 500 mg/L TDS. A value of 500 mg/L was considered to be a reasonable approximation of the reservoir water chemistry.4 The dissolved solids were primarily sodium chloride. Use of 500-mg/L TDS water solution should result in slightly higher permeabilities than when using pure water, because the sample permeated with pure water experiences more clay swelling and therefore lower permeability.
An upper limit for water permeability tests was established by an unconfined gas permeability test on the sample from 1,141-m depth. A gas permeability of 9.9xlO-8/*m2 was obtained.
The permeability-test results show agreement with the effective porosity measurements. The samples from a 157-m depth had the highest permeability and also the largest effective porosity. Samples from 960-m and 1,138-m depths had similar permeabilities and almost identical effective porosities. Samples from 744-m and 1,141-m depths had the lowest permeabilities and the lowest effective porosities.
The permeabilities obtained for the Sears No. 1 well by using water of 500 mg/L TDS are listed in table 6.
SONIC VELOCITY
The technique used to measure the sonic velocities of the various stratigraphic intervals is best described as the "through transmission system." The system can determine small delay times to a high degree of accuracy (Terra Tek, Inc., written commun., 1976) .
The frequency synthesizer used is extremely stable; signal error is 1 part in 107. A signal that passes through the test sample is compared with a signal coming directly from the synthesizer. The delay experienced by the signal in passing through the sample is then determined by comparing waveforms on an oscilloscope. The path length divided by the elapsed time of the signal passing through the sample gives the resulting acoustic velocity for that medium. The longitudinal wave is designated the "P wave," and the shear wave is designated the "S wave." The samples for sonic testing were 2.54 ± 0.013 cm in diameter and 2.54 ± 0.05 cm in length. Prior to testing, all test samples were saturated in an aqueous solution of 500 mg/L TDS (see footnote 4, in the Permeability section).
The samples were then confined at a pressure equal to 4.73 xlO" 4 g/cm2 per centimeter of burial. P-wave and S-wave velocities for each depth interval were obtained. These velocities are accurate to ± 1 percent. Samples from 960-m and 1,138-m depths that appeared to be composed of similar materials had virtually identical sonic velocities. A summary of the sonic-test results for the Sears No. 1 well is given in table 6.
ELECTRICAL RESISTIVITY
The electrical-resistivity measurements were made on the same samples used in the sonic velocity test. The samples were saturated in an aqueous solution containing 500 mg/L TDS.5 The resistivity of this solution was measured and determined to be 11 fim. The saturated samples were then covered with a jacket to isolate ends of the sample and confined at a pressure equivalent to 4.73 x 10~4 g/cm2 per centimeter of burial depth. A 30-Hz source voltage was applied at the ends of the cylindrical sample. The resistance of the sample to this voltage was then determined. From this resistance, the resistivity of the sample was calculated and expressed in ohm-meters, A summary of the resistivity values for each of the Sears No. 1 samples is contained in table 6. The resistivity values are accurate to ± 5 percent.
MECHANICAL STRENGTH
Unconfined compression tests were performed on all Sears No. 1 well samples to determine compressive strength. The samples were cylinders 3.81 ± 0.05 cm in length and 1.91 + 0.013 cm in diameter. Sample ends were ground to within 0.00002-mm flatness. Samples were tested with the "as-received" moisture content.
All loadings were applied quasi-statistically by using a constant displacement rate of 3.65+ 10"3 cm. No strain measurements were taken. The transducer used to measure axial load is accurate to 2 percent.
The relation of axial stress to time graph for the various loadings was recorded. All samples, except the sample from 960 m, demonstrated a similar response, and all samples experienced a brittle failure. There was no apparent increase in strength with increasing depth. A summary of the mechanical behavior is given in table 6.
EVALUATION OF POROSITY AND PERMEABILITY MEASUREMENTS POROSITY
Continuous porosity values for the Sears No. 1 well are available from the neutron-porosity and gamma-gamma density logs of plate 1. In addition, porosity values 6 Based on water-quality analysis. calculated for different matrix sonic velocities of 4.7 km/s, 5.3 km/s, and 6.0 km/s are presented in table 2.
The porosity determined from the geophysical logs differs from laboratory-determined porosity values of cores from equivalent depths. There are some differences among density-log, neutron-log, and sonic-log porosity values in table 2. The Sears No. 1 borehole wall is irregular and washed out, and the resulting effects of variable hole diameter may cause the discrepancies among porosity values determined by different techniques. The neutron-log response is particularly influenced by the shaly matrix of the Triassic rocks.
In table 3, average effective porosities determined from the porosity logs represent depth intervals where the borehole is reasonably smooth and is not washed out. Explanations for the apparent inconsistencies among the porosities determined from logs are given in the "Remarks" column of table 2. The gamma-gamma density and neutron-porosity values for sandstone intervals generally agree within 15 percent. If the lithology of an interval is shale, the neutron-porosity value for that interval is high. The sonic-porosity value believed to be more accurate is calculated by using the lowest matrix velocity and is about equal to the gamma-gamma density value.
Laboratory-porosity values are lower, and the lack of consistency between laboratory-measured values and geophysical-log1 values is not understood. Factors that could cause such differences include 1. The laboratory test core sample was not representative of the volume of rock being sampled by the logging tool. 2. Crystal-structure changes had occurred in the rock core between the time the rock was cored and the time it was tested in the laboratory. Laboratory-determined gas porosities for Sears No. 1 well and Deep River coal field samples below 152 m range from 0.83 percent to 12 percent, as shown in tables 6 and 7. The average is about 3.5 percent.
PERMEABILITY
Laboratory air-permeability tests (tables 6 and 7) of core samples from the Sears No. 1 well and of drill hole samples from the Deep River coal field illustrate the low permeabilities characteristic of the Triassic rocks below the zone of weathering. Most values are in the square micrometer x 10~5 range. Attempts to determine liquid permeability with water having TDS similar to that of water pumped during packer tests of the Sears No. 1 well resulted in rupture of some samples having low permeability. The apparent sensitivity to the water composition indicates swelling of clays (or other mineralogic changes) caused by the use of water of probable different chemistry than that of formation water. Montmorillonite, which is highly expandable, is the most abundant clay in samples from the Sears No. 1 well. Also the water used in laboratory tests may not be truly representative of the formation water and could have the correct salinity but the wrong ionic composition.
DETERMINATION OF GROUND-WATER QUALITY AND MOVEMENT WATER QUALITY
CHEMICAL ANALYSIS OF WATER SAMPLES
Water samples obtained from most shallow ground water (less than 90 m deep) are predominantly a calciumbicarbonate type. Dissolved-solids contents are generally less than 250 mg/L. However, shallow ground water having a high dissolved-solids content (greater than 1,600 mg/L) is present in the area west and northwest of Gary, N.C., and north of Carpenter, N.C. From Gary, near the eastern border fault and basinward, sodium-and calciumsulfate types change progressively to calcium-chloride and sodium-chloride types. North of Carpenter, near the common corners of Durham, Chatham, and Wake Counties, some waters have a high (greater than 800 mg/L) dissolved-solids content.
The wells that have a high dissolved-solids content are on the northwestern side of major faults and penetrate red mudstone or conglomerate having a red mudstone maxtrix. Thus, all the wells may be in a similar hydrogeologic situation at the discharge end of the basin's subsurface flow system. Water having high (greater than 1,600 mg/L) dissolved solids present in shallow wells in the conglomerate and fanglomerate near Gary occurs near the deeper downfaulted parts of the basin.
Water from a depth of 115 m in the Sears No. 1 well (table 8) appears to be a sodium-chloride type similar to water from shallow depths in sample sites 4 and 38 ( fig.  11 ). The water from the Sears No. 1 well 247-m-depth to 264-m-depth interval is similar to water from sample sites 4 and 38 in that there is only a slight increase in the amount of calcium over sodium-ion concentration. The Sears No. 1 well water sample from the 1,009-m-depth to 1,143-m-depth interval; although higher in dissolvedsolids content and calcium content than the water from either the 115-m-depth, 247-m-depth to 264-m-depth interval, or the drilling water, is known to be a blend of the drilling (mud filtrate) water and the formation water. A single inflatable packer was used to isolate a zone between the 1,009-m-depth and the bottom of the well at 1,143 m.
The small amount of water that did move into the test packer assembly from the 1,009-m-depth to 1,143-m-depth interval is probably a mixture of drilling-mud water and formation water (Bain and Brown, 1981) .
The similarity of the chemical composition (chiefly sodium-calcium chloride types) of water from the buried Dunbarton, S.C., Triassic basin to that of the water of the Durham basin is striking. In contrast, ground water from the Culpeper, Va., basin to the northeast is a calcium-sulfate water, presumably caused by the widespread presence of gypsum. Water from sample 32 (table 9) near Gary ( fig. 11 ) contains an ionic composition characteristic of water from the gypsum-bearing Permian Castile Formation near Jumping Springs, N. Mex., and the Triassic redbeds of the Newark basin, New Jersey. This similarity implies that gypsum may be present to influence the geochemistry of water near Gary.
GEOPHYSICAL ANALYSIS GENERAL QUALITY
The borehole-geophysical logs were used to check the accuracy of properties measured from samples taken from the 247-m to 264-m and 1,009-m to 1,143-m zones and to give additional information on the water chemistry in the remainder of the hole.
SALINITY
The formation resistivity factor, also called the formation factor (F), is defined as the electrical resistance of a rock that is saturated with a conducting electrolyte divided by the resistivity of the electrolyte; this factor is useful in analyzing the conductivity of fluids in rocks.
The salinity of formation waters is commonly estimated from the geophysical logs by using one or both of the following relationships (Alger, 1966; Schlumberger, Ltd., 1974, p. 34 ):
1. 5P=-Klog °R where: SP = the spontaneous potential, in millivolts; K = a constant related to absolute temperature; Rmf = the resistivity of the drilling mud filtrate, in ohmmeters at a specified temperature; and Rw = the resistivity of the formation water, in ohmmeters at a specified temperature. ,100  87  100  45  92  110  150  13  50  120  150  120  130  250  570  120  220  170  250  220  67  120  15  75  35  37  75  78  77  300  16  37  40  65  150  52   164  206 Table 10 shows that the calculated values of Rw ranged from about 1.0 to 14 flm. These data indicate that formation waters at the Sears No. 1 well site could have a dissolved-solids equivalent that ranges from about 350 to 5,500 mg/L as sodium chloride.
The analyses of water samples collected from the 247-mdepth to 264-m-depth interval indicate a dissolved-solids concentration of approximately 560 mg/L when corrected to equivalent sodium chloride. Alger (1966) , Schlumberger, Ltd. (1972) , and Brown (1971) indicate that, at 25°C, water containing 560 mg/L sodium chloride should have a resistivity of about 10 flm. No laboratory F data are available for the 247-m-depth to 264-m-depth interval; however, water resistivities calculated from F values above and below the sampled zone are approximately 10 flm. Similarly, Rw values from laboratorymeasured porosity and Rt values from the ILD indicate that interstitial water below 960 m is not highly saline. This formation water, which has a resistivity of 1 to 2 flm at 25° C, is equivalent to a sodium-chloride concentration of 2,200 to 4,500 mg/L. The analysis of water sampled from the 1,018-m-depth to 1,143-m-depth interval indicates a much less saline water.
Water resistivities also were calculated (table 10, col. 7) by using F values derived from log porosities ($):
where F, Rt, Rw, and <f > are the notations described previously and m is the "appropriate" cementation factor (Schlumberger, Ltd., 1972) . Log-derived F values determined by this equation are frequently one to two orders of magnitude lower than those calculated by using laboratory porosities. Values determined from log data give extreme F values, which can be directly related to the range of porosity values. Figures 12 and 13 are graphs showing the relation of porosity from the density and sonic logs to resistivity from the induction log (ILD). There appears to be some correlation between the measured variables on these figures.
Apparent Rw values were calculated by Schlumberger, Ltd. (written commun., 1977) , from the same ILD data and by using the same equation:
The values ranging from 0.41 flm at 152 m to 0.35 flm at the bottom of the well indicate sodium chloride concentrations of about 11,000 mg/L. The explanation for the disparity is apparently related to the assumption that F= at low dissolved-solids concentrations and low porosities. Alger (1966) states, "*** the customary relationships between F and porosity used in oil field interpretations usually do not apply to freshwater sands.* * * F varies in freshwater sands not only with porosity, but also with Rw and grain size."
Data from the computation of formation water resistivity based on the relation SP= -K log are presented in table 11 (Schlumberger, Ltd., 1974, p. 34 
MOVEMENT
A ground-water flow map was not completed for this study. Ground water having dissolved-solids content greater than 2,400 mg/L -chiefly calcium-sodium chloride types -occurs along the basin's eastern edge from Morrisville to Gary and southwest to Holly Springs, N.C. (fig. 11 ). The location of these occurrences relative to the downfaulted blocks along the east side of the basin indicates that the probable source of the high dissolved-solids-content water is from movement of water upward along fracture zones that bound the blocks. The temperature log, however, indicates apparent upward movement of water to the 550-m zone and downward movement to the 500-m zone. The resistivity and SP logs from the Sears No. 1 well indicate that the formation water is relatively fresh (< 4,500 mg/L dissolved-solids contents) to the bottom of the hole. The lower gradient of the Sears No. 1 well temperature log suggests deep circulation at this site. In contrast, the temperature gradient of the Groce No. 1 well indicates poor ground-water circulation in the Sanford area (Bain and Brown, 1981) .
The low values of permeabilities of the core samples and the low temperature gradient from the temperature log indicate that circulation in the unweathered rock in the subsurface may be through fractures.
CONCLUSIONS
Tests indicate that low porosities and low permeabilities for the rocks in the Durham Triassic basin are the result of the depositional environment, which limited sorting of sediment, caused extensive lithification and cementation, and possibly caused the presence of montmorillinite.
The low temperature gradient (l°C/66 m) and the presence of relatively freshwater throughout the Sears No. 1 test well are an indication of deep circulation, probably through fractures.
The lithologic log and borehole-geophysical logs from the Groce No. 1 well and the Sears No. 1 well confirm the simultaneous deposition of different facies in separate parts of the basin, the cyclic nature of sediment deposition, and the general imperviousness of the rocks. The logs from the Sears No. 1 well indicate that slightly permeable sandstones and siltstones of the tan arkosic unit interfinger with dense, essentially impervious, red mudstones and argillites. The lateral extent of these sandstones and siltstones is limited by the nearest impermeable facies and the boundaries of the individual structural blocks.
Porosity determined from the density logs is slightly higher than that determined from the laboratory analysis of core samples. The mean density-log Schlumberger, Ltd., 1972, p. 79 ) -RJRW.. K, constant related to absolute temperature. " Schlumberger, Ltd. (1972, p. 79) . 4Value estimated from Schlumberger, Ltd. (1972, fig 13-3, p. 79). porosity was approximately 6 percent, whereas the laboratory-tested core's porosity was approximately 5 percent. However, porosities derived from the neutron and sonic logs are substantially higher than either the mean density-log porosity or the laboratory-tested core porosity. Undoubtedly, part of this difference is due to inadequately compensating for hole irregularity when making logs, and part may be due to postdrilling mineralogical changes in the core prior to testing. However, the higher porosities determined for the Sears No. 1 well are consistent with those observed for the Groce No. 1 well.
Attempts to determine permeabilities with liquids in cores in the laboratory resulted in rupture of some samples. The ruptured core that contained interstitial clay was sensitive to the chemistry of the water-namely, the presence and type of dissolved solids. Later during clay analysis, montmorillonite was found to be the most abundant clay present in the Sears No. 1 well drill cuttings.
The expansion of montmorillonite probably affected the results of some of the in-hole and laboratory analyses.
Insufficient data were available to construct a potentiometric map and to establish the rate and direction of movement of ground water in the basin. The low temperature gradient of the Sears No. 1 well indicates deeper circulation of ground water at the Sears No. 1 wellsite, and the sonic log does not indicate that any of the shales are overpressured. The shape of the temperature anomalies on the Sears No. 1 log suggests that there is a little water movement vertically downward above a depth of 550 m and vertically upward below a depth of 550 m. If deep circulation does occur at the Sears No. 1 well site, circulation must take place through an extensive fracture system. Acoustic-televiewer images of selected parts of the Sears No. 1 wellbore show many irregular openings that appear to be parallel to bedding and may be related to either fractures or crossbedding. The spontaneous-potential and resistivity-log responses indicate that the water in the formations at the Sears No. 1 site increases vertically downward from 350 to 5,500 mg/L TDS. The consistent increase with depth also suggests that some circulation takes place throughout the depth of basin.
Average resistivity values for shale in the Sears No. 1 well ranged from about 40 to 50 fim. Sandstones and conglomerates were found to have resistivities 5 to 10 times higher. The gamma-ray log indicated that most sandstones have gamma-ray values of from 50 to 80 API units.
Laboratory-measured values, which were used to check the accuracy of the borehole-geophysical log data, were important in determining other physical properties of rocks that could not be obtained from analysis of boreholegeophysical logs.
